In nature, the unmasking of heterocyclic quinones to form stabilized quinone methide radicals is achieved using reductases (bioreduction).
driven by the formation of a quinone methide-type radical (QM-rad), stabilized by resonance delocalization (Scheme 1B). Bis-alkoxyamines are described, and visible-light is used for the first time to release up to two equivalents of TEMPO per molecule, using Bis-TEMPO-Vis. Bis-or bifunctional alkoxyamine activation has only been previously achieved by thermal means (at 70-140 1C), 3, 9 which for non-TEMPO bis-alkoxyamines leads to nitroxide decomposition. 9c The premise for this room temperature homolysis was obtained through DFT investigation of the level of delocalization of the unpaired electron in QM-rad ( Fig. S1 , ESI †). DFT supported the traditional resonance structures with a shortening of the 2C-CH 2 bond relative to TEMPO-Vis, indicating partial double bond character (Table S1 , ESI †), and significant distribution of spin density into the benzimidazolequinone ring system, including onto the quinone 7O-atom. The bond dissociation energy (BDE), and the lowest triplet energy level (E T ) of TEMPO-Vis were estimated using DFT. The model-alkoxyamine (TEMPO-Vis) was found to have a suitably low BDE (85.1 kJ mol À1 ) compared to benzylic thermally labile (92.7-108.7 kJ mol À1 ), 10 and UV-light activated (80-122 kJ mol À1 ) 4a alkoxyamines, with enough driving force in the E T to support the observed bond dissociation: DG d = BDE À E T = À122.3 kJ mol À1 (see later discussion).
The preparation of TEMPO-Vis and Bis-TEMPO-Vis from 4,7dimethoxybenzimidazole alkoxyamine precursor 1, using onestep oxidation was investigated (Table 1) . Previous work used NBS in combination with H 2 SO 4 to convert 4,7-dimethoxybenzimidazole into benzimidazolequinone. 11 In the present work, TEMPO-Vis was isolated in 52% yield, with some undesirable bromination of 1 observed. PIFA [(CF 3 CO 2 ) 2 IPh] improved the yield of TEMPO-Vis to 78%. Oxidative dimerization of dimethoxybenzenes to dibenzoquinones is reported through the use of CAN [Ce(NH 4 ) 2 (NO 3 ) 6 ], 12 and one report exists of a benzimidazolequinone dimer in low yield. 13 Treatment of 1 with CAN (2 equiv.) afforded bisalkoxyamine 2 in 86% yield, as the product of oxidative coupling of dimethoxybenzimidazole TEMPO-Vis with dimethoxybenzimidazole 1. Increased amounts of CAN (3.2 equiv.) gave the fully oxidized Bis-TEMPO-Vis in 82% yield. The selective dimerization at C5-C5 0 was confirmed by X-ray crystallography of Bis-TEMPO-Vis, with alternative couplings at C6-C6 0 , C5-C6 0 and C6-C5 0 not observed (Table 1) .
To investigate the necessity in Bis-TEMPO-Vis of the benzimidazolequinone chromophore for the release of both attached TEMPO residues, a selective epoxidation strategy was devised for single chromophore deactivation (Scheme 2). Given its asymmetric aromatic/non-aromatic nature, 2 was deemed a good substrate for selective quinone functionalization. Subjecting 2 to the Langlois reaction (using NaSO 2 CF 3 ), 14 gave the electrophilic trifluoromethylated quinone bis-alkoxyamine 3 in 54% yield. The oxidative demethylation of 3 using NBS and H 2 SO 4 (using Table 1 conditions), followed by mild epoxidation at the CF 3 -containing quinone moiety, via air oxidation under basic conditions, furnished epoxide-quinone 4 in 78% yield.
Visible-light activated alkoxyamine homolysis was carried out under an O 2 atmosphere to trap carbon-centered radicals, 4a,5b,15 while monitoring alkoxyamine decay and TEMPO release by HPLC (Table 2 ). 9b, 16 Under blue LED (420-520 nm), 87% conversion of TEMPO-Vis to TEMPO was observed after 2.25 min. The decay of TEMPO-Vis alkoxyamine was first-order ( Fig. 1A) , from which the dissociation rate constant (k d ) was determined, and corresponded to a half-life (t 1/2 ) of 6 s. By monitoring [TEMPO] growth over time ( Fig. 1B) , eqn (1) may be fitted to the plot, to provide an alternative method to determine k d , which also gave a t 1/2 of 6 s.
[TEMPO] = [TEMPO] max (1 À e Àkdt )
(1)
Alkoxyamines were indefinitely stable in the absence of light, and the on/off switchable nature of homolysis was demonstrated by alternating periods of light and dark for TEMPO-Vis using blue LED ( Fig. S2, ESI †) .
For the bis-alkoxyamine, Bis-TEMPO-Vis, there are two possible dissociation rate constants, k d1 and k d2 corresponding to TEMPO release from the starting compound, and from the monoalkoxyamine O 2 -trapped intermediate(s), with hydroperoxide and aldehyde intermediates detected by HPLC-MS ( Fig. S3 , ESI †). Just over twice as much TEMPO was released from Bis-TEMPO-Vis compared to TEMPO-Vis, with 175% released after the same period of 2.25 min. The k d1 was directly measured from the first-order decay plot of Bis-TEMPO-Vis, and corresponded to a t 1/2 of 15 s in blue LED. The slower photolysis of Bis-TEMPO-Vis was supported by the DFT-derived DG d being 11.7 kJ mol À1 less favorable compared to TEMPO-Vis ( Table 2 ). The rate of overall TEMPO release attained by fitting eqn (1) to the [TEMPO] vs. time plot ( Fig. 1B) , The rate constant derived in this way was in good agreement with the rate of Bis-TEMPO-Vis decay ( Fig. 1A and Table 2 ). This infers that for Bis-TEMPO-Vis, k d1 E k d2 , and the homolysis of the alkoxyamine in the O 2 -trapped intermediate(s) occurs at an almost identical rate to that of the starting bis-alkoxyamine. By removing one of the chromophores of Bis-TEMPO-Vis in epoxide-quinone 4, the release of o1 equiv. TEMPO occurred over the same time period ( Table 2 ). The homolysis of one alkoxyamine of 4 was detected by HPLC-MS, with singlyhomolyzed O 2 -trapped adducts observed (Fig. S3, ESI †) , and no products of double alkoxyamine homolysis detected. Single bond homolysis occurred despite the BDE of the alkoxyamine of the epoxide part mirroring the BDE of Bis-TEMPO-Vis. TD-DFT calculations (see below) supported the localization of the frontier molecular orbitals on only the fully-conjugated quinone moiety of 4 (Fig. 2) . The k d of the labile alkoxyamine of 4 is less than half that of Bis-TEMPO-Vis in blue LED, and given that the DG d values of the quinone-alkoxyamine in 4 and Bis-TEMPO-Vis are similar (at about À110 kJ mol À1 ), the observed reduction in rate may be attributed to the lower absorption of the partially deactivated 4 in the visible region ( Fig. S4, ESI †) .
The rate of homolysis decreased using green (470-600 nm) compared to blue LED by 71-, 19-and 40-fold for TEMPO-Vis, Bis-TEMPO-Vis, and 4 respectively ( Fig. S5 , ESI †), due to less absorption. The decrease in absorbance is reflected in reduced quantum yields (F h ) with the greater intensity green LED used (see Table S2 , ESI †). Moreover, Bis-TEMPO-Vis underwent photolysis at a faster rate than TEMPO-Vis in green LED, in accordance with l max of the former being red-shifted by 12 nm (Fig. S4, ESI †) . The result in green LED, is a reversal in the magnitude of k d that was observed for blue LED for the two compounds. The same conclusion of k d1 E k d2 for Bis-TEMPO-Vis was reached for green LED activation.
Bis-alkoxyamine 2 was found to be largely stable under visible-light, having a k d three orders of magnitude smaller than its fully-oxidized derivative, Bis-TEMPO-Vis, in blue and green LED ( Table 2 ). Although 2 possesses a similar first BDE to Scheme 2 Chromophore deactivation. Fig. 1A and Fig. S5A (ESI) . c Derived from fit of eqn (1) to Fig. 1B and Fig. S5B (ESI) . d HPLC yield based on starting alkoxyamine. e M06-2X, or UM06-2X for radicals, 6-311++G (d,p) in the gas phase. f BDE at benzimidazolequinone part. g BDE at epoxide/dimethoxybenzimidazole part. Bis-TEMPO-Vis, its E T was more than 30 kJ mol À1 lower than the other alkoxyamines. The l max of 2 was red-shifted by 96 nm compared to Bis-TEMPO-Vis, suggesting the presence of a lowlying charge-transfer (CT) state ( Fig. S4, ESI †) . Cyclic voltammetry on 2 and its constituent alkoxyamines 1 and TEMPO-Vis, supported the localization of the HOMO and LUMO to the dimethoxybenzimidazole and the benzimidazolequinone motifs respectively (Fig. S6, ESI †) . Time-dependent density functional theory (TD-DFT) 18 provided graphical representation of spatiallyseparated ground and excited state orbitals (Fig. 2) . The ground state (S 0 ) of 2 is primarily localized on the dimethoxybenzimidazole, while the density of the first excited state (S 1 ) is entirely localized on the quinone, with limited overlap between the two states. In comparison, the CT effect is not observed in the analogous TD-DFT of Bis-TEMPO-Vis.
In conclusion, alkoxyamines of heterocyclic quinones are introduced with room temperature visible-light homolysis providing an alternative to nature's bioreductive activation of prodrugs, as a means of unmasking the transient quinone methide. This includes an alkoxyamine that can release up to two equivalents of nitroxide per molecule using visible-light activation, and that does so sequentially with k d1 E k d2 . Facile synthetic deactivation of one chromophore limited TEMPO release to o1 equiv. For blue LED, the rates of bond homolysis can largely be rationalized by thermodynamics, while for green LED variations in absorbance become more important. The placement of an electron-rich substituent on the electron-deficient quinone gives a charge-transfer state that stabilizes the quinone under visible-light. The benzimidazolequinone alkoxyamines offer the possibility of wide-ranging applications from visible-light activated anti-tumour cytotoxins to radical initiators for vinyl monomer photopolymerizations giving polymers end-functionalized with antibiotics.
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